Good nmoling ... oh, good norning!

There are MOLARI FI C opportunities at DARPA within the Defense Science
O fice and Mcrosystens Technol ogy Office. Today, we will talk about a
programto bring electronics into the penultinmate Lilliputian regine
usi ng sel f- assenbl ed nol ecul es.

This is a programwe call "Ml etronics" or Ml ecul ar El ectronics.

We call it Ml etronics cause we are using nol ecul es or nolecular scale
conponents for conputation.

The DARPA Ml etronics programintends to denonstrate the devel opnent of
a new conput ati onal technology that will nmake the el ectronics age of
today | ook |like a rowboat as conpared to a nucl ear submarine.

To create discovery beyond silicon, the DARPA Mol etronics programwil |
chemically assenble systens with insanely high device densities

(scal eable to 1012 device/cnR) that are anenable to greatly sinplified
manuf acturing fabrication.

To put things in perspective, today's nicroprocessors have about 108
devi ces/cnR-- 1012 devices/cn2 is big tinme dense.

Mol ecul ar El ectronics is defined as a technol ogy based on using
nol ecul ar scal e conponents such as single nol ecul es, carbon nanot ubes,
nano-wires, etc. that function as el ectronic conponents.

Usi ng these nol ecul ar-scal e conmponents, one can see that the size
benefits of Ml etronics are incredible.

Here we show that when standard p-n rectifying diodes, ones that you
could buy at Radi o Shack, are replaced with single nolecules, the area
size benefit is 10,000x. Experinmentally it has been denonstrated that
single nol ecul es do exhibit rectifying behavior by a nunber of groups.

This is NOT science fiction

Here we show the information content of various nedia from col or
photos, to the human brain to annual television. The byte content from
nmy presentation isn't up there because it is enbarrassingly | ow

Anyhow, addi ng these up, the total sumof information in humanity is
around 10720 bytes. Just imagine if we had a nole of bytes.

A mle is 6 x 10723 devices in this context.

The concept of a nole of information is m nd-boggling. Stretching our
i magi nati ons into the future, you could literally hold all the
information in human history in the pal mof your hand!

One driver for Moletronics is that Si technology will hit a
technol ogi cal brick wall in the not-too-distant future. One of the
greatest technol ogical issues regarding Si CMOS is how to obtain
nanoscal e features in a high-throughput and inexpensive fashion



Having said this, it has been predicted that we will hit the Si
technol ogi cal brick wall for years, but the daggon wall keeps on
novi ng.

There is one wall that doesn't nmove in the right direction. This wal

is often called More's second | aw, which shows that the cost of Si fab
lines grows exponentially with tine. More's first |aw deals with the
exponential decrease in device feature size with tine.

The graph above plots Mwore's first |aw agai nst More's second | aw.

One can see that unless we change the way things are done, i.e.
conventional fab facilities using lithography, by the tine we reach
nol ecul ar scale sizes the cost of fab lines will be 10 trillion dollars

(about 1000x DARPA's annual budget!)

One of the objectives of Mdletronics is to literally knock this
econom ¢ wall down using hierarchical self-assenbly processes. | wll
talk more about this in a monment. Mre specifically, we hope to knock
the Si Goliath wall down by literally throw ng nol ecul es, nanotubes,
and nanowires at it! This is a wall that even Ronald Reagan coul dn't
knock down.

To acconplish the Mletronics goal, there are three parallel tasks.

The first task is the devel opnment and optim zation of nol ecul ar devices
such as switches, multistate nol ecul es, and nol ecul es exhi biting highly
non-1linear characteristics.

The second task is |earning how to build a Ml etronic conputer made
fromthese nol ecul ar devices. W believe they will be nmanufactured by
hi erarchi cal self- assenbly processes. Hierarchical self-assenbly is a
set of processes that will first assenble individual devices, then
create functional circuits or blocks fromthose devices, and finally
put together the ensenble fromthe blocks. It is a bottomup

manuf acturing process whereas current mcroelectronics fabrication is
based on top-down nanufacturing using |ithography.

The third task is the devel opnent of circuit architectures. These
architectures enconpass how to programthe nolecular circuit as wel |
as exhibit defect tolerance. Mletronic circuits will have defects. W
will have to cope with them in the vernacular, the fleas cone with the
dog. Approaches to quantify the level of defects that can be tolerated,
the tine needed to find and route around the defects, and the tine to
programa circuit with |arge nunbers of devices need to be devel oped
under the architecture unbrella. Let nme discuss in greater |engths
these three essential tasks.... The first task is nolecul ar devices. W
need to understand how to chemically design a desired el ectronic
property into a nmol ecul e, whether the nmolecule is used for |ogic,
menory, or gain.

As one exanple, work at Yale and Rice University has denonstrated the

ability to chemically design-in electronic properties into their menory
nmol ecul es. They literally "dial in" the performance attributes of their
menory nol ecul es by synthesizing different side groups (nitro or amn ne

groups) .



For this work, the nolecular nenories are a nonol ayer of nol ecul es
sandwi ched between two crossing Au el ectrodes.

It is the reduction/ oxidation of the npl ecul e that determ nes whet her
it is conducting (bit "1") or insulating (bit "0").

Here we show a different nol ecul ar device from UCLA and HP Labs.

Logi c gates were fabricated using several sw tches. The makeup of the
switches is pretty sinple: a nonolayer of redox-active rotaxane-based
nol ecul es are sandw ched between netal el ectrodes, nuch like a slab of
nmeat between two slices of bread. Several switches were configured
together to produce AND and OR logic gates. The truth table of an "AND'
gate is such that a high response is only recorded when the inputs are
all high. As you can see in the graph, incredibly respectable "AND'
gat es have been made wi th nol ecul es.

Usi ng nol ecul ar scal e conmponents in a crossbar fashion, the Muntains
of Silicon will soon become the Ml ehills of Ml etronics.

Here we show the difference in size between Ml etronic crossbar |ogic
and that obtained with conventional silicon

By crossbar we just nmean that 2 wires cross each other and in between
the wires is a nono-layer of nolecules.

Crossing the chasmfromthe nano-world to the micro-world is a grand
chal | enge of Mol etronics, in fact it is for any nanosci ence program

Qur specific challenge is how to get input/output to the outside world,
that is, howto plug a beaker of nolecules into an electrical outlet.

W envisage this to occur in part by using a hierarchical ordering of
several self-assenbly steps.

Sel f-assenbly is a process whereby nol ecul ar conponents naturally
(spont aneousl y) assenble into a desired pattern. It is not a pick and
pl ace, nor a slice and dice technology. Patterns naturally form under
t he guiding arm of thernodynam cs, or better described as the | owest
energy configuration. Costly lithography is not required in self-
assenbly processes.

Here we show a sinple cartoon of a self-assenbly process in which
chemical bonding is used to hoard an array of nolecules on a substrate.

Next we show how sel f-assenbly can be used to formaligned wires.

The wires in this case are only 10 atons wi de, 2 atons high and nicrons
| ong. The process is unbelievably sinple, but incredibly revolutionary.

To make the wires all that's required is to deposit a sublayer of Er on
the Si wafer and then anneal it around 700C

Upon annealing the Er film ErSi2 nucleates and takes off in one
direction, but not the other. Thus, the question, why should it go only
in one direction? The reason is due to anisotropic lattice m snmatch.



The structure of ErSi2 is relatively lattice natched in the <110>
direction, but msmatched by over 6%in the other of the (001) plane of
Silicon.

The thernmodynanics is driven, that is the energy is mninized, when
grow h occurs along the lattice matched direction

The aligned wires are 1/2 of our cross-bar architecture.

The second hal f of the cross-bar architecture can be assenbl ed using
water -- yes water. Researchers at Penn State have shown t hat

hydr ophobi ¢/ hydrophilic interactions (water hating/water |oving) can
be used to precisely assenble a cross- bar pattern. Just like the |ast
process, this one is sinple too.

Take 2 gl ass wafers.

Deposit a few Au patterns on the glass; the glass is water |oving; the
Au patterns contain water hating thiol nolecules.

Upon joining the glass wafers together, the Au patterns precisely align
with each other.

Preci se alignnent occurs because the hydrophobic ends and the
hydrophilic ends nmeet each other, respectively to achieve the | ownest
surface energy.

Anot her beautiful exanple of how anmazing things happen in | ove/hate
rel ati onshi ps!

Again, all of this alignnent was done wi thout pick and place equi pnent,
nor |ithography!

The | ast two exanpl es show how to make aligned wires, and then how to
precisely cross these wires using two different self-assenbly
processes.

The two processes are hierarchical in nature. Hierarchy is a royal
ordering of processing steps.

The hierarchy starts with | ower-order steps (nolecules to forma nano-
bl ock) .

An exanpl e of a nano-block is a nenory or |ogic element.

The next |evel of assenbly is the connection of nano-bl ocks into an
el ectronic module. Here a nodule is able performboth [ogic and nenory,
that is, it does a conmputation and stores the information.

The hi ghest | evel of assenbly involves hooking up the electronic
nodul es to the outside world. This would create a molecular circuit or
chi p.

It is anticipated that hierarchical self-assenbly will create a cost-
ef fecti ve manufacturing process.



The reason: we have replaced expensive |lithographi cal processes with
sel f-assenbly processes.

H erarchical self-assenbly is a bottom up nmanufacturing process.

In parallel with this assenbly approach, Ml etronics nust also apply an
architecturally driven, top-down route to |layout the blueprint of the
Mol etronic circuits.

A paranount chall enge of Mol etronics is to denpnstrate that the circuit
architecture is scalable to 1011 devices and to densities equivalent to
1011/ cnR. That is: how do you comunicate with 1011 devices in a tinely
fashi on?

Anot her uni que feature of Ml etronics circuits is that they will have
defects; we are dealing with nol ecul es and ther nodynam cs.

The parachute is anal ogous to today's Pentium - one defect (or rip)

could kill '"ya. The fence analogy is nmore akin to Ml etronics. There
may be defects in the fence, but it will still largely function
The bottomline is -- we've got defects and we've got to cope with them

in our architectures.

O her architectural scalability issues include power dissipation, how
long it will take to read and wite the Mdletronic circuit and how | ong
it will take the test the circuit.

Here we provide two ways in which one could use Moletronic circuits.

For the first case, we could use nol ecul ar-scal e conponents to create a
superconputer with 10712 devices in 1 cnR area

The power dissipated woul d generate about 10,000 Watts, quite a bit of
power to have on your lap. This illustrates that we have to think
careful |y about scaling.

The second exanple is one for nanoconputers that are at a density of
10712 devices/cntt2. At this density, we could place a something with
conparabl e power to a Pentiumin an area of about 107-- 3 cn®,
literally a Pentiumon a pin head! Perhaps this nmay be the best use of
nol ecul ar conputers for reasonabl e conputational power in an extrenely
smal I, | ow power package.

Thi s opens up opportunities for nano-conputers woven into fabrics or
into paint on the walls.

Mol etronics will require new ways to think about architecture and how
to conmpile and programthe nol ecul ar conmputer. For exanple, Moletronic
circuits will be programred after being built. In this sense, the

nol ecul ar conputer has to be "taken to school."” This is in contrast to
conventional Si, programming is done during fabrication through nask
sets.

Fromthe software side, defect search algorithns are extrenely
i mportant.



Wth device densities of 1011/cnR, it can beconme a daunting task to
find the defects quickly. It is inperative that sophisticated search
al gorithms be devel oped to determine howlong it will take to find and
subsequently route around defects.

It is a hard task, but we can stand on the shoul ders of giants and
learn a few tricks.

As one exanple, the defect search algorithns are anal ogous to web
search engines in the Internet.

The web requires discovery to use it; this is acconplished using search
engines. Ml etronics will also require discovery to use it.

In this case, the discovery will be to programthe circuit as well as
finding the defects so that they can be by-passed.

Lots of advanced research is going on in the real mof web search
engi nes, we plan exploiting it and hopefully inproving upon it in
Mol et r oni cs.

To conclude, Mol etronics involves both a bottomup and a top down
appr oach.

The bottom up approach is to exploit self-assenbly schemes, and concoct
new nanoscal e materials and phenonena.

W hope that self-assenbly brings about a new era in cost-effective
manuf act uri ng.

The top down approach is largely architecturally and al gorithmdriven
In this case, we nust exploit architectures that are defect tolerant
and ones that are scal abl e.

W will also require algorithmdevel opnent to programthe nol ecul ar
conputer and search for its defects.

If you have any ideas on algorithmor architecture devel opment or
general comrents or even criticisns about Ml etronics, Christie Marrian
and | sure would like to hear them W have an active BAA on the
streets, please look it up and see what DARPA is after. W need your

i deas and talents to nake this happen

Thank you. Remenber ... Keep thinking MOLETRONI CS



